Introduction {#sec1}
============

Isoindigo, a well-known isomer of indigo, has found widespread use as an acceptor building block in organic electronics, particularly in organic field-effect transistors (OFETs) and organic photovoltaics (OPVs), owing to its low-lying lowest unoccupied molecular orbital energy level.^[@ref1]−[@ref4]^ The synthesis of N-unsubstituted isoindigo is quite straightforward and high yielding, allowing further manipulation on the nitrogen atom of the lactam moiety for side-chain engineering. Pei and co-workers synthesized N-alkylated isoindigo with different branch point positions, which could finely tune the packing patterns of the corresponding polymers and hence their OFET performance.^[@ref5]^ Bao et al. managed to introduce a siloxane side chain onto isoindigo, which led to a closer π--π stacking of the polymers and better hole mobility.^[@ref6],[@ref7]^ They also synthesized isoindigo with polystyrene side chains, which greatly increased the solubility of the polymers and improved the power conversion efficiency and the open-circuit voltage (*V*~OC~) of the corresponding solar cells.^[@ref8],[@ref9]^ A phosphonate side chain was also introduced onto isoindigo, which improved the short-circuit current (*J*~SC~) of the corresponding polymeric OPVs.^[@ref10]^ It has been proven that side-chain engineering of isoindigo is a powerful protocol to adjust the interaction of the corresponding polymeric chains and therefore the related electronic properties.

Thienoisoindigo (TII), in which the benzene rings of isoindigo are replaced with thiophene rings, is a very important derivative of isoindigo, and its synthesis was first reported by Ashraf et al.^[@ref11]^ TII introduces possible S···S interactions and exhibits better coplanarity and smaller steric hindrance with adjacent aromatics when incorporated into polymer chains. Polymers based on TII showed excellent charge carrier mobilities,^[@ref12],[@ref13]^ ultra-narrow bandgaps with near-IR response,^[@ref14],[@ref15]^ and decent OPV performance.^[@ref16],[@ref17]^ We anticipated that if side-chain engineering protocols could be applied to TII, the properties of the related polymers could be further improved. However, the synthetic route toward TII-based molecules is quite limited. For a long period of time, only N-alkylated TII could be synthesized ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, route 1).^[@ref11]^ The synthesis of TII began with the amination of 3-bromothiophene with alkylated amine, which was generally prepared from the corresponding alkyl bromide in several steps. Then, the secondary amine reacted with oxalyl chloride, resulting in the formation of thieno-isatin. Once the isatin analogue was obtained, the N-alkylated TII could be obtained either by the treatment of the Lawesson reagent or P(NEt~2~)~3~, or by the condensation reaction. The yield in each step in route 1 was practically low (less than 50%), and alkylamines was much more expensive than alkyl bromides. Furthermore, the installation of an alkyl group in the early stage might prohibit the further manipulation of the side chain, which is a disadvantage in terms of adjusting the properties of TII-based polymers. It was not until very recently that Yoo et al. reported the synthesis of N-unsubstituted TII ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, route 2).^[@ref18]^ Thiophene-3-carboxylic acid was first converted to *t*-butyoxocarbonyl (Boc)-protected 3-aminothiophene, which was then treated with oxalyl chloride to give the Boc-protected thieno-isatin in moderate yield. Dimerization of the Boc-protected thieno-isatin gave Boc-protected TII, which was in turn converted to N-unsubstituted TII by removing the Boc group under acidic conditions. However, this route is not atomic efficient because tedious protection/deprotection steps are needed. In this short article, we wish to report a simple and efficient route toward the synthesis of N-unsubstituted TII.

![Reported Synthetic Route to N-substituted and N-unsubstituted TIIs](ao-2017-00587x_0002){#sch1}

Results and Discussions {#sec2}
=======================

Starting from 3-aminothiophene, we screened many conditions to pursue the precursor suitable for cyclization to give N-unsubstituted thieno-isatin. However, the treatment of 3-aminothiophene with conventional reagents that are suitable for the synthesis of isatin, such as oxalyl chloride and trichloroacetic chloride, under various conditions failed to afford the desired product, which may be attributed to the highly reactive electron-rich thiophene. Fortunately, we finally found that by treating compound **1** with 2-chloro-2-oxoethane-1,1-diyl diacetate with the sequential addition of hydroxylamine using Rewcastle's method, the corresponding oxime, **2**, could be obtained in decent yield,^[@ref19]^ as shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. This is the key step toward thieno-isatin synthesis. Compound **2** underwent cyclization easily using H~2~SO~4~ as the catalyst to afford N-unsubstituted thieno-isatin **3** in 85% yield. The direct dimerization of compound **3** in the presence of the Lawesson reagent gave N-unsubstituted TII (compound **4**) in 50% yield. This route avoids the use of protecting groups, and the overall yield is over 25%, higher than that of route **1** (\<10%) and route **2** (21%). The other benefit of this route is that no column chromatographic separation is required and hence the reaction could easily be scaled up to tens of grams.

![New Synthetic Route toward N-Unsubstituted TII](ao-2017-00587x_0003){#sch2}

The successful preparation of N-unsubstituted TII allows the introduction of various side chains, as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Linear alkyl groups and branched alkyl groups (entries 1--6) could be installed in a high overall yield, much higher than the reported cases (if reported).^[@ref20]−[@ref22]^ Benzyl-substituted TII was also prepared in a 22% overall yield (entry 7). The Boc protecting group could also be introduced in high yield (entry 8). Importantly, the unsaturated side chain could be installed in high yield, which allows for further manipulation of TII with a siloxane side chain (entry 9).

###### Scope of Side Chains Available Using Different Electrophiles[a](#t1fn1){ref-type="table-fn"}^,^[b](#t1fn2){ref-type="table-fn"}^,^[c](#t1fn3){ref-type="table-fn"}
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Unless otherwise noted, all reactions were carried out with **4** (0.3 mmol), RBr (0.9 mmol, 3 equiv), and K~2~CO~3~ in dimethylformamide (DMF, 3.0 mL) at 100 °C.

Isolated yields.

This reaction was carried out with **4** (0.3 mmol), Boc~2~O (0.9 mmol, 3 equiv), *N*,*N*-diisopropylethylamine (1.2 mmol, 4 equiv), and 4-Dimethylaminopyridine (DMAP, 0.03 mmol, 0.1 equiv) in tetrahydrofuran (THF) (3.0 mL) at room temperature.

In conclusion, a highly efficient, easily scalable synthetic method toward N-unsubstituted TII was established with more than 25% overall yield, which makes further side-chain engineering of TII-based polymers possible. In addition, the functionalization of TII showed a much higher overall yield than the reported cases (if reported). We are currently working on the side-chain engineering of TII based polymers, which will be reported in due course.

Experimental Section {#sec3}
====================

General Methods {#sec3.1}
---------------

Column chromatography was performed on a silica gel (100∼200 mesh). ^1^H and ^13^C NMR spectra were recorded on a Bruker Avance-III 600 MHz (600 MHz for ^1^H, 151 MHz for ^13^C) with chemical shifts reported as ppm (in CDCl~3~, tetramethylsilane as the internal standard). High-resolution mass spectrometry (HRMS) data were obtained with an HP1100 liquid chromatography(LC)/mass selective detector mass spectrometer and an LC/quadrupole time-of-flight mass spectrometer.

Starting Materials {#sec3.2}
------------------

All solvents and materials were purchased from commercial sources and used without purification unless otherwise noted. THF was dried by reflux and distillation over sodium/benzophenone. Thiophene-3-amine oxalate was purchased from commercial sources and used without further purification. 2-Chloro-2-oxoethane-1,1-diyl diacetate was prepared according to the reference.^[@ref19]^

General Procedure for the Synthesis of N-Unsubstituted T-II {#sec3.3}
-----------------------------------------------------------

### Synthesis of (*E*)-2-(Hydroxyimino)-*N*-(thiophen-3-yl)acetamide (**2**) {#sec3.3.1}

2-Chloro-2-oxoethane-1,1-diyl diacetate (19.46 g, 100 mmol) was added dropwise to a solution of thiophen-3-amine oxalate (18.92 g, 100 mmol) in 50 mL of dry THF at 0 °C. Then, the mixture was stirred for 30 min. After removing the solvent from the mixture, the residue was dissolved in 50 mL of MeOH, and NH~2~OH·HCl (13.90 g, 200 mmol) was added. The mixture was heated at 70 °C for 1 h. The reaction mixture was filtered, and the residue was purified by washing with methnol and dichloromethane to provide title compound **2** as a light brown solid (10.21 g, 60 mmol, 60% yield): ^1^H NMR (600 MHz, dimethyl sulfoxide (DMSO)) δ 12.13 (s, 1H), 10.60 (s, 1H), 7.64 (d, *J* = 2.2 Hz, 1H), 7.61 (s, 1H), 7.46 (dd, *J* = 5.0, 2.2 Hz, 1H), 7.23 (dd, *J* = 5.0, 0.7 Hz, 1H); ^13^C NMR (151 MHz, DMSO) δ 159.96, 144.21, 136.62, 125.19, 122.29, 110.20. HRMS (electrospray ionization (ESI)) *m*/*z* calcd for C~6~H~7~N~2~O~2~S^+^ (\[M + H\]^+^) 171.0223, found 171.0223. The compound decomposes at around 160 °C.

### Synthesis of *H*-Thieno\[3,2-*b*\]pyrrole-5,6-dione (**3**) {#sec3.3.2}

To the solution of concentrated H~2~SO~4~ (40 mL) at 0 °C was added compound **2** (6.81 g, 40 mmol) in portions. After stirring at 0 °C for 40 min, the mixture was poured into ice water, and stirred for 10 min. Then, the pH value of the mixture was adjusted to neutral with saturated sodium bicarbonate solution, and the resulting solution was extracted several times using ethyl acetate. After drying with Na~2~SO~4~, the organic phase was concentrated under reduced pressure to give the crude product, which was purified by crystallization in ethyl acetate to provide **3** as a brown solid (6.81 g, 85% yield): ^1^H NMR (600 MHz, DMSO) δ 10.15 (s, 1H), 7.59 (d, *J* = 4.5 Hz, 1H), 6.11 (d, *J* = 4.4 Hz, 1H); ^13^C NMR (151 MHz, DMSO) δ 173.83, 165.28, 163.59, 146.18, 115.51, 110.77, 40.32, 40.19, 40.05, 39.91, 39.77, 39.63, 39.49. HRMS (ESI) *m*/*z* calcd for C~6~H~3~NO~2~SNa^+^ (\[M + Na\]^+^) 153.9957, found 153.9957. The compound decomposes at around 200 °C.

### Synthesis of (*E*)-\[6,6′-Bithieno\[3,2-*b*\]pyrrolylidene\]-5,5′(4*H*,4′*H*)-dione (**4**) {#sec3.3.3}

To a solution of **3** (1.53 g, 10 mmol) in anhydrous toluene (20 mL) at ambient temperature under argon atmosphere was added the Lawesson reagent. Then, the solution was heated to 60 °C and stirred for 40 min. After cooling to room temperature, the solution was concentrated under reduced pressure to give the crude product, which was purified by crystallization in THF to provide **4** as a black solid (0.685 g, 2.5 mmol, 50% yield). ^1^H NMR (600 MHz, DMSO) δ 10.90 (s, 1H), 7.77 (d, *J* = 5.1 Hz, 1H), 6.90 (d, *J* = 5.1 Hz, 1H); ^13^C NMR (151 MHz, DMSO) δ 172.94, 150.42, 135.86, 120.61, 114.41, 113.14. HRMS (ESI) *m*/*z* calcd for C~12~H~7~N~2~O~2~S~2~^+^ (\[M + H\]^+^) 274.9943, found 274.9942. The compound decomposes at around 200 °C.

General Procedure for Functionality of N-Unsubstituted TII (**5a--g** and **5i**) {#sec3.4}
---------------------------------------------------------------------------------

To a solution of **4** (82.2 mg, 0.3 mmol) in anhydrous DMF (3 mL) under argon atmosphere was added K~2~CO~3~ (124.4, 0.9 mmol, 3 equiv) and RBr (1.2 mmol, 4 equiv). Then, the mixture was stirred at 100 °C for 2 h. The reaction mixture was allowed to cool to room temperature and neutralized with saturated aqueous sodium bicarbonate solution. The aqueous mixture was then extracted with ethyl acetate. The crude product was purified using chromatography to afford the desired product.

All these alkylated products except **5i** have been reported before, and the characterizations of the new compound **5i** are as follows:

### (*E*)-4,4′-Di(hex-5-en-1-yl)-\[6,6′-bithieno\[3,2-*b*\]pyrrolylidene\]-5,5′(4*H*,4′*H*)-dione (**5i**) {#sec3.4.1}

Prunosus solid (109.2 mg, 83% yield); mp: 124--126 °C; ^1^H NMR (600 MHz, CDCl~3~) δ 7.54 (d, *J* = 5.1 Hz, 2H), 6.81 (d, *J* = 5.1 Hz, 2H), 5.77 (m, 6.72--6.84, 2H), 5.00 (dd, *J* = 17.1, 1.5 Hz, 2H), 4.95 (d, *J* = 10.2 Hz, 2H), 3.82 (t, *J* = 7.3 Hz, 4H), 2.10 (q, *J* = 7.1 Hz, 4H), 1.80--1.71 (m, 4H), 1.53--1.45 (m, 4H); ^13^C NMR (151 MHz, CDCl~3~) δ 171.01, 151.16, 138.22, 134.44, 121.11, 114.98, 114.24, 111.17, 41.58, 33.30, 27.97, 26.12. HRMS (ESI) *m*/*z* calcd for C~24~H~27~N~2~O~2~S~2~^+^ (\[M + H\]^+^) 439.1508, found 439.1509.

General Procedure for the Synthesis of Compound **5h** {#sec3.5}
------------------------------------------------------

### (*E*)-Di-*tert*-butyl 5,5′-dioxo-\[6,6′-bithieno\[3,2-*b*\]pyrrolylidene\]-4,4′(5*H*,5′H)-dicarboxylate (**5h**) {#sec3.5.1}

To a solution of **4** (82.2 mg, 0.3 mmol) in THF (3 mL) under argon atmosphere at 0 °C was added TEA (303.6 mg, 3.0 mmol, 10 equiv), DMAP (3.7 mg, 0.03 mmol, 0.1 equiv), and Boc~2~O (163.7 mg, 0.75 mmol, 2.5 equiv). Then, the mixture was stirred at ambient temperature for 3 h. The mixture was concentrated under reduced pressure to give the crude product, which was purified through a short column to afford **5h** as a prunosus solid (131 mg, 92% yield); mp: 166--169 °C; ^1^H NMR (600 MHz, CDCl~3~) δ 7.61 (d, *J* = 5.3 Hz, 2H), 7.34 (d, *J* = 5.2 Hz, 2H), 1.68 (s, 18H). ^13^C NMR (151 MHz, CDCl~3~) δ 147.46 (s, 2H), 146.60 (s, 2H), 135.04 (s, 6H), 120.15 (s, 2H), 118.18 (s, 2H), 116.74 (s, 5H), 84.78 (s, 1H), 28.12 (s, 20H). HRMS (ESI) *m*/*z* calcd for C~22~H~23~N~2~O~6~S~2~^+^ (\[M + H\]^+^) 475.0992, found 475.0993.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.7b00587](http://pubs.acs.org/doi/abs/10.1021/acsomega.7b00587).Spectral data for all of the new compounds ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00587/suppl_file/ao7b00587_si_001.pdf))
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